Objective: Although lymphocytic myocarditis (LM) clinically can mimic myocardial infarction (MI), they are regarded as distinct clinical entities. However, we observed a high prevalence (32%) of recent MI in patients diagnosed post-mortem with LM. To investigate if LM changes coronary atherosclerotic plaque, we analysed in autopsied hearts the inflammatory infiltrate and stability in coronary atherosclerotic lesions in patients with LM and/or MI.
IntroduCtIon
Lymphocytic myocarditis (LM) is an inflammatory disease of the heart, predominantly characterized by diffuse focal aggregates of inflammatory infiltrate in the myocardium that in majority is associated with viral infection 1 . The prevalence of LM in the general population is uncertain as it often may have a clinically silent course. The clinical presentation of LM is very diverse and varies from mild flu-like symptoms to acute heart failure and sometimes sudden death 1 . In addition, patients with LM can present with a variety of clinical symptoms suggestive of myocardial infarction (MI), such as chest pain, electrocardiographic ST-segment elevation, wall motion abnormalities and increased blood levels of cardiac enzymes [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Moreover, coronary artery spasms have been reported to occur in patients with LM [11] [12] [13] .
In fact, coronary vasospasm was demonstrated in 70.9% of patients with proven LM on endomyocardial biopsy (EMB) who presented with chest pain 11 .
In clinical practice, LM is only considered as potential underlying cause of infarctlike complaints when MI is ruled out, based on the absence of coronary narrowing or obstruction as detected by coronary angiography. In case of normal or non-obstructed coronary arteries, cardiac magnetic resonance (CMR) imaging is often employed as a complementary imaging tool to further differentiate between MI and LM, wherein myocardial injury is mainly located in the subendocardium with MI as opposed to a more (sub)epicardial location with LM [14] [15] [16] .
The general consensus in the literature is that although LM and MI can be similar in clinical presentation they are distinct clinical entities. However, there is accumulating evidence suggesting an interrelatedness between LM and MI. For instance, recent respiratory tract infections of the cardiotropic influenza virus, which is commonly associated with LM, are significantly associated with MI also 17 . In addition, markers of infection of another group of cardiotropic viruses, i.e. enteroviruses, were detected in the hearts of 40% of patients who died of sudden MI versus only 4% of matched subjects without cardiac disease 18 .
In line herewith, as we will show below, we have observed in autopsied cases of patients diagnosed post-mortem with LM a high prevalence of very recent MI, demonstrating that LM and MI can be present simultaneously. Even more, these data may suggest that LM or its cause can facilitate the development of MI.
MI most often is the result of coronary plaque complication, either through rupture or erosion of atherosclerotic plaques. Inflammation has been found to be an important mediator of atherosclerotic plaque destabilization that renders them more vulnerable for complication 19 .
For instance, in autopsied cases MI was found to be associated with increased inflammatory cell infiltration in the coronary arteries, including macrophages, T-lymphocytes 20, 21 as well as mast cells 22 . Interestingly, via the secretion of vasoactive factors such as histamine, chymase and tryptase, mast cells have been associated with coronary vasospasm also 23, 24 .
However, knowledge regarding coronary artery changes associated with LM is scarce.
In EMB-proven myocarditis, impairment of endothelium-dependent vasodilation of the epicardial coronary arteries correlated with the number of T-lymphocytes in the myocardium, indicative of endothelial dysfunction in the coronary arteries 25 . Conversely, in autopsied hearts of patients LM did not coincide with increased infiltrate of T-lymphocytes in the coronary arteries 26 . However, infiltration of other inflammatory cell types was not analysed.
Therefore, the aim of this study was to analyse in autopsied hearts the inflammatory infiltrate, plaque bleeding and plaque stability in coronary atherosclerotic lesions in patients with LM coinciding with very recent MI, in patients with only LM or very recent MI and control patients without heart disease.
MaterIaLs and Methods patient material
A total of 38 autopsied cases were retrospectively selected and divided into four groups:
1. A group with lymphocytic myocarditis (LM; n=10): In these patients, LM was diagnosed based on immunohistochemical analysis of multiple heart slides of both the left ventricle (the septum, the anterior, lateral and posterior wall) and right ventricle (anterior wall).
LM was diagnosed based on the presence of multiple aggregates of extravascular lymphocytes (CD45+ cells) with or without cardiomyocyte damage (based on presence of complement activation product C3d). MI was excluded in these patients based on absence of localized nitro blue tetrazolium (NBT) decoloration and the absence of thrombi in the epicardial coronary arteries.
2. A group with a MI of 3-6 hours old (n=10): In these patients a MI was diagnosed of 3-6 hours old based on reduced localized nitro blue tetrazolium (NBT) staining that appears after three hours after infarction on a mid-ventricular macroscopic cross section of the heart and/or a thrombus in the epicardial coronary artery, in the absence of neutrophil infiltration in the NBT staining-identified infarction area. MI-induced neutrophil infiltration in the infarcted myocardium was shown previously to start after 6 hours after onset of MI (19) . In addition, in four cases a thrombus was present in the epicardial coronary artery. 3. A group with lymphocytic myocarditis and a MI of 3-6 hours old (n=13): In these patients in addition to LM, a MI of 3-6 hours old was diagnosed based on reduced localized NBT staining of the heart. Moreover, in four cases a thrombus in the epicardial coronary artery was found. In one patient no NBT decoloration was found, but a thrombus was found in the epicardial coronary artery indicative of a MI of less than 3 hours old.
4. A control group (n=5): Control patients were selected whose death was not related to cardiac disease. Patients had no NBT decoloration of the heart and patients with diseases that theoretically could coincide with cardiac inflammation were excluded.
In all groups, patients that used prednisolone were excluded. The patient characteristics are shown summarized in Table 9 .1 and in detail in Supplementary Table S9. 1.
The infarct area in patients with MI was determined on a mid-ventricular macroscopic cross section stained with NBT. The percentage of the infarct area was calculated by the dividing the infarct area with the total area of the left ventricle.
From all patients, the three main epicardial coronary arteries were dissected from the heart (left anterior descending, left circumflex and right coronary artery). Segments with macroscopically the most profound stenosis were microscopically analysed. The number of segments per coronary artery varied between 1 and 6. In total 307 segments were fixed in formalin and embedded in paraffin: 85 from LM, 98 from LM+MI, 86 from MI, 38 of control patients. The coronary segments of the two patient groups with MI were further subdivided in the infarct-and non-infarct-related coronary arteries. The infarct-related coronary arteries were first identified based on the occurrence of a thrombus. In the absence of a thrombus, the infarct related coronary arteries were defined related to location of the NBT staining-identified infarct area.
This study was approved by and performed according to the guidelines of the ethics committee of the VU University Medical Center, Amsterdam, and conforms to the principles of the Declaration of Helsinki. Use of the leftover material, after the pathological examination has been completed, is part of the patient contract in our hospital.
Immunohistochemistry
Paraffin tissue sections (4 µm) of the coronary segments were stained with antibodies detecting CD45 (lymphocytes), CD68 (macrophages), MPO (neutrophils), tryptase (mast cells) and Glut-1 (erythrocytes). Sections were first deparaffinized, rehydrated and blocked for endogenous peroxidases by incubation in H 2 O 2 (0.3%) diluted in methanol for 30 minutes. As an antigen retrieval step the slides were heated in 10 mM citrate buffer (pH 6.0) for 10 minutes to boiling and then cooled for 20 minutes for slides to be stained for CD68, MPO and tryptase or were heated in a Tris/EDTA buffer (pH 9.0) for 10 minutes to boiling and then cooled for 20 minutes for slides to be stained for Glut-1. Slides to be stained for CD45 required no antigen retrieval step. The sections were subsequently incubated with either mouse-anti-human CD45 (1:100, Dako M0701), rabbit-anti-human CD68
(1:400, Dako M0814), mouse-anti-human MPO (1:500, Dako A0398), mouse-anti-human Tryptase (1:500, Dako RB9052-P) or rabbit-anti-human Glut-1 (1:100, Thermo Scientific RB-9052-P) for 60 minutes. The primary antibodies were diluted in normal antibody diluent (ImmunoLogic ABB500). The slides were then incubated with anti-mouse/rabbit Envision (Dako, K5007) for 30 minutes. The staining was visualized via incubation in 3,3'-diaminobenzidine (0.1 mg/ml, Dako K3468) for 10 minutes. Subsequently, the slides were counterstained with haematoxylin, dehydrated and covered. With each staining slides were included incubated with antibody diluent without a primary antibody as a negative control and all these controls showed no staining (not shown).
Quantification of immune cells and morphometric analysis
In all individual segments of each coronary artery the numbers of extravascular inflammatory cells were quantified separately in the intima, media, adventitia. The total surface area of the intima, media and adventitia were determined on the scanned slides using the Panoramic Desk scanner and analysed with Pannoramic Viewer 1.15.2 software (3DHistech, Budapest, Hungary). The surface area of adventitia was measured from the external elastic lamina until 100 µm into the tunica externa.
The numbers of macrophages, neutrophils and mast cells were counted using a light microscope using a 250x magnification objective (Zeiss, Germany) and then calculated per mm 2 of the surface areas of the intima, media and adventitia, as well as the surface area of the complete coronary segment composed of the three coronary wall layers together.
The amount of lymphocyte infiltration was determined on scanned anti-CD45 stained slides (using the Panoramic Desk scanner and Pannoramic Viewer software). The amount of lymphocyte infiltration was assessed using a colour threshold to determine the surface area of positive anti-CD45 staining as well as the surface areas of the of the intima, media and adventitia using ImageJ 1.47 software (National Institutes of Health, USA). The percentages of positive anti-CD45 staining were then calculated of the surface areas of the intima, media and adventitia, as well as the surface area of the three coronary wall layers together.
The amount of stenosis of each individual segment was determined as the percentage of the surface area of the lumen compared to the surface area of the lumen and the intima. . If neither of these characteristics were present, plaques were classified as stable.
To classify intraplaque haemorrhage (IPH) all coronary segments where stained for erythrocytes with the immunohistochemical Glut-1 staining (see immunohistochemistry section above) and for iron using the histochemical Perls staining. Using a microscope with 250x magnification, fresh IPH was identified by the presence of >10 extravascular localized intact erythrocytes, while old IPH was identified by the presence of iron and/ or erythrocyte fragments 28 . Segments were classified as having fresh IPH (only fresh haemorrhage present), as ongoing (both fresh and old haemorrhage present) or absent IPH (no haemorrhage present).
Thrombi were histologically identified in the coronary segment 29 .
statistics
Differences between groups were analysed for statistical significance using SPSS software (version 20 
resuLts

Coincidence of recent MI and LM in patients
In the period of January 2010 to May 2013 at the department of Pathology of the VU University Medical Center 50 cases were diagnosed post mortem with LM according to the Dallas criteria supplemented with immunohistochemistry. In 16 (32%) of these cases a recent MI was also diagnosed. Of these 16 cases 13 were selected of which all three coronary arteries were available. Patients with only LM (n=10), only MI (n=10) and controls (n=5) were also included (Table 9.1 and Supplementary Table S9 .1 with detailed patients characteristics). There were no significant differences in age, sex, prevalence of diabetes or medication use between the four groups ( Table 9 .1).
In all cases of the MI group and in 12 of the 13 cases in the LM+MI the MI was diagnosed based on a localized area of NBT decoloration on a mid-ventricular macroscopic cross section of the heart typical of a MI older than 3 hours (Figure 9 .1A) ( Table 9 .2). In one of these LM+MI patients no NBT decoloration was found, but instead a thrombus was found in the epicardial coronary artery indicative of a MI of less than 3 hours old. Also, in three other LM+MI patients and 4 MI patients a thrombus was found in one or more of the epicardial coronary arteries (Figure 9 .1C). There was no significant difference in infarct area between the LM and LM+MI groups (Figure 9 .1B). In LM patients without MI and controls no localized decoloration of NBT was found in the heart nor thrombi in the epicardial coronary arteries. All LM patients with or without MI were diagnosed with LM based on the presence of multiple aggregates of extravascular CD45+ lymphocytes in the myocardium (Figure 9 .1D). In LM and LM+MI patients these lymphocyte aggregates were present in multiple locations within the heart. Importantly, in LM+MI patients these aggregates were observed both in the infarcted and in the non-infarcted myocardium.
Two of the LM and three of the LM+MI cases had borderline LM i.e. myocarditis without cardiomyocyte damage in the area of the lymphocytes aggregates. Furthermore, in A) The graph shows the percentage (%) of stenosis in coronary segments of controls, patients with lymphocytic myocarditis (LM), patients with both LM and acute myocardial infarction (LM+MI) and patients with MI (MI). B) The percentage (%) of stenosis of the infarct-and non-infarct related coronary arteries was further subdivided for the LM+MI and MI groups. All the data points are shown combined with a boxplot showing the median and the interquartile range. * p<0.05, ** p<0.01, *** p<0.001. 
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LM+MI group (67; 49-82). Contrarily, the amount of stenosis of the MI group (71; 52-83) was significantly higher than the control group (p=0.011). Moreover, the amount of stenosis in the LM group was significantly lower than in the LM+MI and MI groups (p<0.001).
In the LM+MI group, the stenosis of the infarct-related coronary arteries (71; 61-88) was significantly higher than of the non-infarct-related coronary arteries (57; 44-76) (Figure   9 .2B; p=0.008). In the MI group, the stenosis of the infarct-(72; 63-83) and non-infarctrelated (68; 51-85) coronary arteries was comparable.
Increased infiltration of macrophages and neutrophils in coronary lesions of patients with only LM or MI
Next the inflammatory infiltrate in the coronary segments both in the total wall as well as in the individual wall layers was quantified (Figure 9 .3A). First macrophages and neutrophils were analysed.
In the total wall of the LM group (11.10; 6.50-15. (Figure 9 .3D). However, no significant differences were observed with the LM+MI group (1.50; 1.10-2.95) and the control group.
These differences between groups were observed in the intima (albeit not significant) and adventitia. However in the media the LM+MI and the MI groups had the highest number of neutrophils per mm 2 ( Figure 9 .3E).
Thus increased numbers of macrophages and neutrophils were found particularly in coronary lesions of LM patients and MI patients.
Increased infiltration of lymphocytes and mast cells in coronary lesions of patients with LM+MI
Subsequently, lymphocytes and mast cells were analysed. In contrast to macrophages and neutrophils, the percentage of lymphocytes in the total wall was significantly higher in the these differences between groups for the total coronary wall were also observed within the intima, media and adventitia (Figure 9 .4B).
Moreover, the number of mast cells per mm 2 in the total wall was significantly increased in the LM+MI group (6.10; 3.50-9.48) compared to the control (4.50; 3.30-6.00, p=0.019), the LM group Thus increased numbers of lymphocytes and mast cells were found particularly in coronary lesions of patients with LM coinciding with MI.
Comparable inflammatory cell infiltration in infarct-versus non-infarct-related coronary arteries
In the LM+MI and MI groups the inflammatory cell density was compared between the infarct-related arteries and non-infarct-related arteries. However, no significant differences were found in the density of infiltrated macrophages, neutrophils and lymphocytes between infarct-and non-infarct-related coronary arteries of the total wall layer (data not shown).
Only in the non-infarct-related coronary arteries of the LM+MI group, but not of the MI group, there were significantly (p=0.045) more mast cells compared to the infarct-related coronary arteries (data not shown).
higher prevalence of coronary plaque instability in patients with LM+MI and patients with MI
Increased inflammation in coronary atherosclerotic lesions has been associated with plaque instability. For this, we compared the percentages of stable (Figure 9 .5A) and unstable plaques (Figure 9 .5B) between the groups. Indeed, the percentage of epicardial coronary segments wherein thrombus formation was found was significantly higher in the LM+MI group (11 out of 98 segments: 11.2%) than in the LM group (0%; p<0.05), the control group (0.0%; p<0.01), but also the MI group (2 out of 84 segments: 2.3%; p<0.05) (Figure 9 .5D). In none of the patients plaque rupture was identified.
Thus LM+MI patients and MI patients have an increased prevalence of unstable plaques and LM+MI patients have increased coronary thrombus formation.
higher prevalence of intraplaque haemorrhage in patients with LM+MI and patients with MI
IPH may also contribute to plaque instability and complication that could facilitate MI development in which vasospasm is hypothesized to play an important role 30 . Therefore, occurrence of IPH in the coronary segments was determined as a percentage of the total number of segments and compared between the patient groups. IPH was classified as absent ( Figure 9 .6A), fresh IPH (presence of intact extravascular erythrocytes) ( Figure   9 .6B) or ongoing IPH (fresh IPH in combination with old IPH (presence of extravascular erythrocyte fragments, Figure 9 .6C, or iron, Figure 9 .6D). IPH was only determined when intact erythrocytes were present alone or in combination with old IPH. The LM group had significantly more IPH (22.3%) compared to controls (2.6%; p=0.023) (Figure 9 .6E). The highest percentage of IPH was found in the LM+MI group (47.4%). Both the LM+MI group and the MI group (40.7%) had significantly more IPH than the control group (p<0.001) and the LM group (p<0.001). In the LM group the IPH was predominantly fresh (84.3%) and only a small percentage of the IPH was ongoing (15.7%). In the LM+MI group (45.6%; p=0.004) and the MI group (40.1%, p=0.003) the percentage of ongoing IPH was significantly higher compared to the LM group (Figure 9 .6F).
In conclusion, significantly more IPH was observed in the coronary lesions of LM patients and especially of LM+MI patients than of controls. Additionally, IPH was significantly increased in MI patients compared to controls. . However, these observations were made in patients who died between 1 and 12 weeks after MI, while infarcts younger than 6 days were specifically excluded. Moreover, the first inflammatory cells to infiltrate the myocardium in response to MI are neutrophils, which do not appear in the myocardium before 6 to 12 hours after onset of MI 32 . Therefore, it is very unlikely that the inflammatory infiltrate we observed in the myocardium of the LM+MI patients, somehow was the result of MI. All the more since the pattern of the inflammatory infiltrate, i.e. multiple focal aggregates of extravascular lymphocytes coinciding with focal cardiomyocyte death, are typical for LM. Moreover, given the short duration of the MI this strongly suggests that these patients developed LM prior to the MI. This in turn raises the question whether the LM or its causes did facilitate the development of MI.
MI most often results from coronary plaque rupture or erosion, leading to coronary artery occlusion. It is now generally accepted that inflammation is an important mediator of atherosclerotic plaque destabilization and that unstable plaques are more prone to complication 19 . Our observation of an increased inflammatory infiltrate in the coronary lesions of LM patients clearly argues for the possibility that, via induction of increased plaque inflammation, LM or its causes may induce plaque instability and thereby facilitate MI development. This hypothesis is supported by our finding of a high prevalence of unstable coronary plaques in the LM patients that did develop MI. At present we do not know what triggers this increased inflammatory infiltrate in LM patients. Notably, cardiotropic viruses such as Influenza A were shown in atherosclerotic mice to directly infect atherosclerotic lesions and promote inflammation, albeit the presence of myocarditis in these models was not determined 33, 34 . Unfortunately, no viral genome analyses could be performed on the coronary arteries in our patients as the routine tissue processing protocol for calcified coronary arteries in our institute includes a decalcification step that interferes with DNA/RNA isolation. In theory, the increased inflammation in the coronary plaques could also be a spill-over of the LM-related increased systemic inflammation or the inflammatory response in the heart.
Patients with only MI also showed increased plaque inflammation and instability. It is known that MI itself can affect remodelling and inflammation of atherosclerotic plaques as was also shown in mouse models 35, 36 . However, in these studies the MI-induced effects were recorded 3 and 4 weeks after MI, whereas in the present study the changes in coronary plaque morphology and inflammation were observed only a maximum of 6 hours after onset of MI. This thus makes it likely that these changes occurred prior to MI. Interestingly, the prevalence of unstable plaques in LM+MI patients was significantly lower than in MI patients. This suggests that LM may increase the likelihood of developing MI even at lower unstable plaque burden.
At present we do not know how to exactly interpret the differences in the types of inflammatory cells that infiltrate the coronary lesions between LM patients with and without MI.
In LM patients without MI increased intraplaque content of macrophages and neutrophils was observed. Both are important sources of pro-inflammatory cytokines, extracellular proteases and reactive oxygen species and hence may lead to plaque instability via enhanced intraplaque inflammation, fibrous cap thinning and intraplaque haemorrhage 37 .
Albeit no significant increase in the prevalence of unstable plaques was observed in our LM patients, a significant increase in fresh intraplaque haemorrhage was noted compared 9 to control patients. In LM patients with MI, increased intraplaque content of lymphocytes and mast cells was observed. Also lymphocytes and mast cells have been associated with plaque development and destabilization 38, 39 and were found in increased numbers in the coronary arteries of MI patients before [20] [21] [22] . Indeed, their increased presence was associated with more prevalent unstable coronary lesions in our LM+MI patients. Moreover, mast cells have been implicated in provoking coronary spasms 23, 24 that have been reported to occur in myocarditis patients 11 . This is in line with our finding of increased intraplaque haemorrhage, that can be the result of vasospasm 30 , in the LM+MI patients. These coronary spasms can lead to MI directly or indirectly via spasm-induced destabilization of coronary lesions followed by plaque complication 24, [40] [41] [42] . The risk of thrombotic plaque complication may even be higher in LM patients as LM can induce a hypercoagulable state as part of the antiviral immune response 43, 44 . The presence of intramyocardial vascular thrombi in the LM patients with MI may underscore such hypercoagulable state.
Differences in plaque morphology or inflammation noted between control patients and LM or LM+MI patients were not related to the grade of stenosis, since in this study the control patients had comparable grades of coronary stenosis to the patients with LM and LM+MI. Only the LM group had a lower grade of stenosis, and segments of the infarct related coronary artery of the LM+MI had a higher grade of stenosis.
Given the high prevalence of MI (32%) in patients with LM that we have observed at autopsy, we believe it is advisable to include immunohistochemical analyses for the diagnosis of LM in patients in whom MI has been diagnosed at clinical autopsy or in patients in whom MI was suspected or diagnosed prior to death. This especially is advisable in cases of very recent infarcts of up to 12 hours old, as in older infarcts putative diagnosis of LM may be hampered by the infiltration of lymphocytes and possibly other inflammatory cells also in the remote non-infarcted myocardium 31 . We therefore recommend that after macroscopical confirmation of MI, via NBT staining and/or putative coronary artery thrombi, as well as confirmation of a very recent infarct by the absence of MI-induced inflammatory cell infiltration in the infarction area on HE stained slides, tissue sections of the whole heart are analysed for putative presence of LM via immunohistochemistry using CD45. How our autopsy findings regarding the prevalence of MI coinciding with LM translate to the clinic is speculative at present. In MI patients with angiographically normal coronary arteries, myocarditis was diagnosed in 33% of cases based on the subepicardial location of CMR abnormalities versus 24% subendocardial MI 45 . However, in the present study we also found LM in patients with a thrombus in the epicardial coronary artery. In the clinic these patients would be classified as having MI and putative co-occurrence of LM would most likely remain undiagnosed. Although, a case of MI with thrombus in the LAD occurring with biopsy proven viral myocarditis has been reported previously 46 . It is also speculative whether patients with pre-existing LM have a worse prognosis after MI and are therefore more likely to die as a result. This would explain the high prevalence we observed at autopsy.
Future perspective
The present study adds to the large body of evidence supporting a role of inflammation in the progression of atherosclerosis and the development of acute MI. In addition, findings of our autopsy study may suggest that LM, or its underlying causes, can precipitate acute MI 
